Abstract. Green tea catechins have been reported to have antitumor activity. The objective of this study was to examine the effect of catechins on the antitumor efficacy of doxorubicin (DOX) in a murine model for chemoresistant hepatocellular carcinoma (HCC). Epicatechin gallate (ECG) and epigallocatechin gallate (EGCG) are the most abundant polyphenolic compounds in green tea. Here, we show that ECG or EGCG at higher doses had a slight inhibitory effect on cell proliferation in the resistant human HCC cell line BEL-7404/DOX in vitro and in vivo, whereas the administration of DOX with these compounds at lower doses significantly inhibited HCC cell proliferation in vitro and hepatoma growth in a xenograft mouse model, compared with treatment with either agent alone at the same dose. Furthermore, the administration of DOX in combination with ECG or EGCG markedly enhanced intracellular DOX accumulation, which implies that the catechins inhibited P-glycoprotein (P-gp) efflux pump activity. Consistent with these results, the intracellular retention of rhodamine 123, a P-gp substrate, was increased and the level of P-gp was decreased in cells concurrently treated with DOX and ECG or EGCG. EGCG increased topo II expression, but did not alter GST protein levels in tumor xenografts. The expression of MDR1 and HIF-1· mRNA was obviously reduced, whereas MRP1 and LRP expression was not changed significantly. These data suggest that tea catechins at non-toxic doses can augment DOX-induced cell killing and sensitize chemoresistant HCC cells to DOX. The chemosensitizing effect of catechins may occur directly or indirectly by reversal of multidrug resistance, involving the suppression of MDR1 expression, or by enhancement of intracellular DOX accumulation, involving inhibition of P-gp function.
Introduction
Primary liver cancer represents a major health burden and the main cause of cancer-related mortality in the world (1,2), although its incidence varies geographically. Of the two major types of primary liver cancer, hepatocellular carcinoma (HCC) and cholangiocarcinoma, HCC occurs more frequently in China. More than 500,000 new patients are diagnosed each year, with an incidence in men twice that of women. In addition, the rate of new liver cancer cases has been rising over the past 10 years in the United States. In 2006, it was estimated that 18,500 Americans would be newly diagnosed with liver cancer, and 16,200 would die of the disease.
HCC is a very aggressive cancer with a dismal outcome; patients usually survive less than one year after diagnosis. The possibility of curative treatment depends on both tumor stage and liver function (3) . Although a wide range of therapeutic options is available, the efficacy of these methods and the survival of patients with HCC remain poor. Surgical resection is currently the most effective treatment for early-stage HCC patients with preserved liver function and without distant metastasis. Doxorubicin (DOX)-based adjuvant chemotherapy is used primarily in advanced HCC cases with liver dysfunction and an unresectable tumor, or following curative resection. Although the short-term prognosis of HCC patients has improved recently due to advances in early diagnosis and treatment, the long-term prognosis is still far from satisfactory, mainly because of HCC recurrence and the development of resistance to chemotherapy.
Upon exposure to one chemotherapeutic agent in the clinic or laboratory, hepatoma cells can acquire resistance to a wide variety of diverse and unrelated drugs with different structures, different functions, and different intracellular sites of action. This phenomenon, called multidrug resistance (MDR), accounts substantially for the clinical failure of tumor chemotherapy, and considerable efforts have been made toward understanding MDR (4) . Some studies have focused on the identification of biological and pharmacological agents with low toxicity and few side effects that may reverse MDR in patients with HCC. Recently identified MDR reversal agents or chemosensitizers such as verapamil (VPL), cyclosporin A, and tamoxifen have limited clinical applications because of their undesirable pharmacological toxicity and side effects (5) . There is a need for compounds with fewer side effects that can effectively treat HCC or reverse MDR during chemotherapy of this disease. One candidate agent for this role is tea catechin.
Tea (Camellia sinensis) is one of the most popular prepared drinks in the world and is available as black tea, green tea, Oolong tea, and white tea (6) . Approximately 20% of dried tea manufactured worldwide is green tea, which is prepared in such a way as to preclude the oxidation of green leaf polyphenols. The major components of green tea are polyphenols, and the major polyphenols in green tea are flavonoids. Epicatechin gallate (ECG) and epigallocatechin gallate (EGCG) (Fig. 1) are the most abundant polyphenolic compounds in green tea, and EGCG is viewed as the most significant active component (6) .
One of tea's prime benefits is thought to be its contribution to lowering the risk for stroke, as it helps to maintain vascular tone (elasticity) and reduce oxidization of fat circulating in the blood. Studies have documented that green tea catechins, a group of polyphenolic compounds, are responsible for the anti-inflammatory and anti-oxidant potential of green tea (6) . Green tea has been used to treat cardiovascular diseases, oral cavity diseases, and Parkinson's disease, and has a wide range of uses related to diabetes, exercise enhancement, inflammatory bowel disease, and skin disorders (6) . Well-controlled epidemiologic studies have suggested that green tea can alter the brain aging process by serving as a neuro-protective agent (6) . Recent studies have also reported that tea phytonutrients may help protect against some cancers. For example, tea polyphenols have been shown to have activity against cancer of the prostate, stomach, intestine, and colon (6) . Animal studies have demonstrated that green tea can help protect against the development of liver tumors in mice. Kuo and Lin have shown that EGCG inhibits proliferation in cells of the human liver cancer cell line Hep G2 by inducing apoptosis and blocking cell cycle progression in G1 phase (7) . However, the effect of catechins on the reversal of MDR in resistant human HCC in vivo is unknown.
This study was designed to define the biological and therapeutic effects of catechins in the treatment of HCC. We focused on ECG and EGCG, which are recognized as the most abundant and most active polyphenols in green tea. We assessed whether these compounds could mediate cell growth inhibition in an in vivo murine model for DOX-resistant human HCC. We also examined whether the green tea polyphenols were able to increase the intracellular accumulation of DOX in our system. Finally, we tested the ability of EGCG to inhibit the in vivo protein expression of P-glycoprotein (P-gp) and mRNA expression of several drug resistance genes, which have been shown to be associated with drug resistance in many human tumors. BEL-7404 and BEL-7404/DOX cells were maintained at subconfluence in RPMI-1640 medium supplemented with 10% FBS, 100 U/ml penicillin G (Shandong Lukang Pharmaceutical Co., Ltd., Jining, Shandong, China), and 100 μg/ml streptomycin (Dalian Merro Pharmaceutical Co., Ltd., Dalian, Liaoning, China), in an incubator (Forma Scientific, Inc., Marietta, OH, USA) at 37˚C in a humidified atmosphere of 5% CO 2 . DOX (0.1 μg/ml) was added to the culture medium for BEL-7404/DOX cells, to maintain DOX-resistance. For subculturing, cells were dissociated using 0.25% trypsin (Amresco, Inc.) with 0.02% EDTA (Guangdong Xilong Chemical Co., Ltd., Guangzhou, Guangdong, China).
Materials and methods

Chemicals
Cell proliferation and survival assay.
To determine the effect of catechins on DOX-inhibited growth and proliferation of human liver cancer cells, cell viability was assessed by MTT assay, using a commercial cell proliferation assay kit (Promega) according to the manufacturer's instructions. In brief, 100 μl of medium containing 5x10 3 BEL-7404 or BEL-7404/DOX cells were distributed evenly in each well of 96-well plates, and the cells were grown for 24 h. The cells were then treated in quadruplicate with ECG, EGCG, VPL, and DOX, respectively, at the concentrations indicated in each experiment and incubated for 48-72 h. At the designated incubation time, 20 μl of MTT (5 mg/ml) were added to each well, and the plates were incubated at 37˚C in a 5% CO 2 atmosphere for 4 h. Then, the culture medium was removed, and DMSO (150 μl) was added for 10 min with shaking. The optical density at 490 nm was determined using a Bio-Rad Model 450 microplate reader (Bio-Rad, Hercules, CA, USA). The control wells were set as zero absorbance. The percentage of cell survival was calculated using the background-corrected absorbance, as follows: % Cell viability = (OD experimental / OD control ) x 100.
All experiments were performed at least 3 times, and representative data are presented. 2 x length x 0.52. All measurements were performed in a coded, blinded fashion. The mice were sacrificed at day 33 after drug administration, tumor growth and body weight were determined as previously described by Jin et al (8) , and the tumors were resected to measure the intracellular accumulation of DOX by fluorospectrophotometry, to assess the P-gp level by immunohistochemistry, and to detect MDR1 mRNA expression by semi-quantitative RT-PCR analysis.
Semi-quantitative RT-PCR analysis of mRNA expression of drug resistance-associated genes. Total cellular RNA was isolated from 1x10 6 cells using a TRIzol one-step extraction assay (Shanghai Sangon Biological Engineering Technology and Service Co., Ltd.) according to the manufacturer's instructions. Total RNA (1 μg) was reverse transcribed to cDNA using a GeneAmp RNA PCR kit (MBI, Inc.), and primers were chemically synthesized with a DNA synthesizer. The primers used for MDR1, LRP, MRP1, HIF-1·, ß-actin, and ß2-MG gene amplification are shown in Table I . Each PCR mixture (total volume, 50 μl) contained 1X PCR buffer, 2 mM MgCl 2 , 800 μM each dNTP, 1 μM each primer, 50 ng of cDNA, and 2 units of Taq polymerase. The reaction was performed in a Peltier thermocycler (PTC-220, MJ Research, Inc., Watertown, MA, USA) for 30 cycles of 94˚C for 30 sec, 54-57˚C for 40 sec, and 72˚C for 50 sec. The amplified products (Table I) were separated by electrophoresis in 2.5% agarose gels in TBE at 150 V for 1 h and stained with ethidium bromide. The image was captured with a Bio-Rad Gel Doc 2000 gel imaging analyzer (Bio-Rad Laboratories, Steenvoorde, France). The relative mRNA level of each gene was calculated by normalization to the ß-actin or ß2-MG mRNA level, using Quantity One analytic software (Bio-Rad).
Detection of intracellular DOX accumulation in cultured HCC cells and cells of xenograft tumors from living mice.
Cultured BEL-7404/DOX cells in logarithmic phase were dissociated, 100 μl of 7x10 6 cells/ml were added in triplicate to each well of 96-well microplates, and the cells were grown to 70-80% confluence. The plates were divided into eight groups, and the cells were treated with DOX at 1.2, 2.5, 3.6, or 4.8 μg/ml either alone or in combination with ECG (60 μg/ml) or EGCG (14 μg/ml). The cells were then incubated at 37˚C for an additional 4 h. To measure intracellular DOX accumulation in xenograft tumor cells, the tumors were resected from the mice sacrificed in the animal model studies described above, and the HCC cells were collected. A total of 1x10 8 cells per sample were washed 3 times with cold PBS, resuspended in 0.3 N HCl in 50% ethanol, and disrupted by sonication for 30 sec. After centrifugation at 10,000 rpm for 15 min, the DOX concentration in the supernatant was measured by fluorospectrophotometry (RF-5301PC, Shimadzu Ltd., Japan) with excitation and emission wavelengths of 500 and 590 nm, respectively. The DOX concentration (μg/10 8 cells) was calculated from a standard curve prepared using known amounts of DOX.
Rhodamine 123 (rho123) retention assay. Studies were carried out in BEL-7404 and BEL-7404/DOX cells as described by Xu et al (9) . Briefly, BEL7404 or BEL7404/DOX cells were treated with DOX alone (2 μg/ml), DOX in combination with ECG (60 μg/ml), or DOX in combination with EGCG (14 μg/ml) for 4 h, after which the cells were collected and incubated with rho123 (Sigma-Aldrich Co., Hong Kong, China) at a final concentration of 5 μg/ml at 37˚C and 5% CO 2 for 30 min. After incubation, the cells were washed 3 times with phosphate-buffered saline (PBS) at 4˚C, and the mean fluorescence intensity of intracellular rho123 was detected using flow cytometry (FACSCalibur; Becton-Dickinson, Beijing, China) with excitation and emission wavelengths of 488 and 530 nm, respectively. All analyses were performed in triplicate in three independent experiments. The results are expressed as the mean fluorescence intensity, which reflects the cellular content of the retained dye.
Quantitative analysis of P-glycoprotein in cultured HCC cells. The amount of P-gp was analyzed quantitatively by fluorescence-activated cell sorting. After BEL-7404/DOX cells were treated with rho123 as described above for the retention assay, they were washed once with PBS (pH 7.4) and combined with anti-P-gp monoclonal antibody MRK16 (Dako, Glostrup, Denmark) for 30 min on ice. The cells were then washed with PBS and incubated with secondary antibody conjugated to fluorescein isothiocyanate (SigmaAldrich, Inc., St. Louis, MO, USA). The cells were washed again with PBS and resuspended in PBS containing 1% paraformaldehyde. The fluorescence intensity of the cells was detected by flow cytometry and analyzed quantitatively. All analyses were performed in triplicate in three separate experiments.
Immunohistochemistry. Mice were sacrificed as described above in the animal model studies, and tumors were resected to assess the expression of P-gp, glutathione S-transferase (GST), and topoisomerase II (topo II) proteins by immunohistochemistry according to a previously described method by Elias et al (10) with some modifications. Formalin-fixed specimens were embedded in paraffin using an embedding machine (EG1150H, Leica, Germany), and 5-μm-thick tissue sections were cut using a histotome (Model 512; Leica). The expression of P-gp, GST, and topo II proteins was measured using an Ultra Sensitive™ SP kit (Fuzhou Maixin Biotechnology Development Co., Ltd., Fuzhou, Fujian, China). The sections were deparaffinized, and the antigens were recovered. For staining with antibodies against GST and topo II, the slides were incubated in preheated 0.05 M Tris-HCl (pH 7.6) containing 0.05% trypsin and 0.05% CaCl 2 for 5 min at 37˚C before microwave treatment. The sections were incubated with hydrogen peroxide to block endogenous peroxidase and then incubated overnight at 4˚C with antibody against P-gp, GST, or topo II (1:2000) as the primary antibody, followed by incubation with secondary antibody (1:2000) conjugated to streptavidin peroxidase. Color was developed with diamino- Table I . RT-PCR primer sequences, melting temperatures (T m ), and amplification products for several drug resistance-related genes. 
benzidine peroxidase substrate solution, and the sections were counterstained with hematoxylin. For the negative control, PBS was used instead of a primary antibody.
The immunohistochemical results were examined independently by two pathologists. All cell membranes and cytoplasm exhibiting a brown reaction product were considered positive. Nuclear staining, which was seen occasionally, was considered non-specific. The sections were examined under a microscope with image analysis (DMR+Q550; Leica) and a microphotography system (Vanox; Olympus, Japan) at low power to identify evenly labeled areas. The positive cells were counted and are reported as a percentage of the total cells evaluated. The results are expressed as the mean ± SD of three independent counts.
Statistical analysis.
The results are expressed as means and standard deviations (SD). Differences between groups were analyzed using Student's t-test, followed by variance analysis for comparisons among groups. A P<0.05 was considered statistically significant.
Results
In vitro effects of DOX and catechins on cell proliferation in human hepatoma cells.
To understand the effects of catechins on DOX antitumor activity in a murine model for DOXresistant HCC, we first characterized the DOX-resistant human HCC cell line BEL-7404/DOX and its parental sensitive cell line BEL-7404 in vitro. Based on MTT assays of cultured cells, the IC 50 for DOX in the resistant BEL-7404/DOX cells was 38 times that in the parental BEL-7404 cells (36 vs. 0.94 μg/ml, respectively).
We next examined the effect of the catechins ECG and EGCG on cell proliferation in both cell lines in vitro using the MTT assay. At concentrations <100 μg/ml, neither ECG nor EGCG was cytotoxic in either cell line. However, at ECG or EGCG concentrations ≥100 μg/ml, the survival rate decreased with increasing catechin concentration in both cell lines (Table II) . The IC 50 values for ECG and EGCG in BEL-7404 cells were 508 and 260 μg/ml, respectively. However, even at concentrations as high as 2,000 μg/ml, ECG did not reduce the survival of BEL-7404/DOX cells by 50%. The same was true for EGCG, even at a concentration of 1,120 μg/ml (Table II) . Hence, we were not able to determine the IC 50 for ECG or EGCG in BEL-7404/DOX cells.
Catechins enhance chemosensitivity to DOX and increase DOX cytotoxicity in HCC cells in vitro.
We tested the effects of ECG and EGCG on DOX antitumor activity in the resistant and sensitive HCC cell lines in vitro using the MTT assay. At non-toxic doses, both ECG (60 μg/ml) and EGCG (14 μg/ml) significantly increased DOX-dependent cell death in the two cell lines, with a greater enhancement in BEL-7404/DOX cells than in BEL-7404 cells (Table III) . ECG and EGCG also enhanced sensitivity to DOX in both BEL-7404 and BEL-7404/DOX cells (Table IV) . In BEL-7404/DOX cells, the IC 50 for DOX was reduced from 36 to 2.3 μg/ml by ECG and to 1.9 μg/ml by EGCG, representing drug resistance reversals of 15.7-and 19.0-fold, respectively. The effects of both catechins on DOX antitumor activity were better than that of VPL (0.28 μg/ml), a known chemosensitizer used as the positive control in this experiment (Table IV) . Table III . Effect of catechins on DOX cytotoxicity in DOXresistant and parental hepatoma cells in vitro (n=9). 
Effect of EGCG and DOX on human HCC growth in an in
a ECG at 60 mg/ml and EGCG at 14 mg/ml were used; DOX was used at 0.8 mg/ml in BEL-7404 cells and at 2.0 mg/ml in BEL-7404/ DOX cells. b P<0.01 vs. the DOX alone group. ECG, epicatechin gallate; EGCG, epigallocatechin gallate; DOX, doxorubicin.
grew very slowly in vivo, with dimensions considerably smaller than those in the untreated control group or the DOX alone group (Fig. 2) , even on day 22 of the study (Fig. 3) . At the termination of the study, the differences in tumor mass and tumor weight between the DE groups and the control group or DOX alone group were marked (P<0.01), with the greatest effect observed at the highest EGCG dose (Fig. 3 and Table V) . As shown in Table V, the average tumor volumes on day 33 Table IV . Toxicity of DOX and modulation of drug resistance by ECG, EGCG, and VPL in human hepatocellular carcinoma cells in vitro. ----------------------------------------------------------------------------------------------------- a Cell toxicity was measured as described in Materials and methods in response to increasing concentrations of DOX. ECG at 60 μg/ml, EGCG at 14 μg/ml, and VPL at 0.28 μg/ml were used in the experiments. - Figure 2 . Enhancement by EGCG of DOX anticancer activity in xenograft tumors of living mice. BEL-7404/DOX human hepatoma cells (5x10 7 ) were transplanted subcutaneously on the right axilla of BALB/c nu/nu nude mice. After the tumors were established, the mice were divided into six groups (n=10 mice/group, 5 male and 5 female mice/group) and were injected with normal saline only (control), DOX alone (2 mg/kg, q4d, ip; DOX), EGCG alone (80 mg/kg, qd, ig; EGCG), or DOX combined with a lower dose of EGCG (40 mg/kg; qd, ig, DE low group), a middle dose of EGCG (80 mg/kg; qd, ig, DE mid group), or a higher dose of EGCG (160 mg/kg, qd, ig; DE high group), respectively. Mice were sacrificed 33 days later. Tumor weight (A) and relative tumor volume (B) were determined. * P<0.05 vs. the control group; ** P<0.01 vs. the DOX alone group. (C) Photographs taken at the end of the experiment showing control mice and mice treated with DOX alone, EGCG alone, or the drug combinations (DOX + EGCG) as described above. Magnification, x400. B A were 5.0, 4.0, and 3.7 cm 3 in the DE Low, DE Mid, and DE High groups, respectively, whereas the tumor volumes in the control and DOX alone groups were 9.4 and 7.0 cm 3 , respectively. The tumor inhibition rates (TIRs) of the three combination groups ranged from 56.7 to 65.1% and were significantly higher than that of the DOX alone group (P<0.01).
To quantitate the interaction between EGCG and DOX antitumor activity, we calculated the q-value, which represents the interaction between two drugs for tumor inhibition, using the formula: q = (TIR DE group /TIR DOX alone group ) + (1 -TIR DOX alone group ) x TIR EGCG alone group . Generally, q >1.15 indicates synergism, q = 0.85-1.15 indicates an additive effect, and q<0.85 indicates antagonism. Using the TIR for the DE Mid group, a q-value of 2.74 was calculated, indicating a strong synergistic anticancer activity at a medium dose of EGCG (80 mg/kg, qd) and DOX in an in vivo tumor xenograph model for HCC.
We also monitored the toxicity of EGCG in mice and in human non-cancerous cells. At the doses tested, EGCG alone did not cause cytotoxicity in mouse splenic cells or in human HL-7721 hepatocyte cells (data not shown). Furthermore, the body weight of the mice did not significantly decrease, whether EGCG was administered alone or in combination with DOX; in fact, some mice gained weight during the experiments (Table V) . No animal died during the entire study.
Catechins significantly increase intracellular accumulation of DOX in BEL-7404/DOX cells in vitro and in vivo.
We next asked whether catechins increased DOX cytotoxicity and DOX antitumor activity in vitro and in vivo by enhancing intracellular accumulation of DOX. To evaluate the reversal of DOX resistance by catechins, we determined the intracellular accumulation of DOX in HCC cells. Co-treatment of BEL-7404/DOX cells with various concentrations of DOX and 60 μg/ml of ECG or 14 μg/ml of EGCG in vitro resulted in 2.7-to 6.4-fold increases in intracellular DOX accumulation compared with that in tumor cells treated with DOX alone, with EGCG having a greater effect and efficacy than ECG (Table VI) . Similarly, EGCG at 40-160 mg/kg significantly enhanced intracellular DOX accumulation in BEL-7404/DOX xenograft tumor cells (Fig. 4) . The DOX concentrations in xenograft tumor tissues from living mice treated with the lower, middle, and higher doses of EGCG were 1.604±0.317, 2.095±0.585, and 2.229±0.463 μg/g tumor tissue, respectively; these concentrations were all significantly higher (P<0.01) than that in the DOX alone group (1.046±0.35 μg/g tumor tissue; Fig. 4) .
Catechins enhance the accumulation of rhodamine 123 in HCC cells. We investigated whether the catechin-induced increase in DOX concentration was attributable to a reduction in the Pgp-mediated efflux of DOX in BEL-7404/DOX cells. Rhodamine 123 (rho123), a fluorescent molecule, is an 
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Data are presented as mean ± SD; n=10. a P<0.01 vs. the control group; b P<0.01 vs. the DOX alone group or the control group. DOX, doxorubicin; EGCG, epigallocatechin gallate; DE Low, DOX + EGCG 40 μg/ml; DE Mid, DOX + EGCG 80 μg/ml; DE High, DOX + EGCG 160 μg/ml.
- ------------------------------------------------------------------------------------------------- ---excellent substrate for P-gp, and cells that overexpress P-gp fail to accumulate rho123 because of enhanced drug efflux activity by P-gp. Therefore, rho123 accumulation was used as an imaging agent to evaluate the inhibition of P-gp activity at the single-cell level. To determine the effect of catechins on the function of P-gp, the intracellular accumulation of rho123 was examined by flow cytometry. Without prior treatment with catechins, the added rho123 was significantly accumulated in sensitive BEL-7404 cells, but not in resistant BEL-7402/DOX cells (Table VII) . Pre-incubation of BEL-7404 and BEL-7404/ DOX cells with either ECG or EGCG led to a marked increase in rho123 accumulation in BEL-7404/DOX cells (23.1-to 29.1-fold increase) and a lesser increase of only 22.6 to 39.3% in the accumulation of rho123 in BEL-7404 cells (Table VII) . The accumulation of rho123 was much higher with EGCG than with ECG.
Catechins inhibit P-glycoprotein expression in DOX-resistant HCC cells in vitro and in xenograft tumors.
The rhodamine 123 (rho123) retention described above suggested that catechins altered P-gp function in HCC cells. We examined whether this occurred via the inhibition of P-gp expression in our system by using an immunohistochemical assay to measure P-gp expression in BEL-7404/DOX xenograft tumor tissues from nude mice. Pgp-specific staining was seen mainly on the plasma membrane surfaces of the cells, and specific positive staining of P-gp was observed in most of the resistant BEL-7404/DOX cells. However, the expression of P-gp was markedly inhibited in mice treated with EGCG (40-160 mg/kg) compared with mice receiving DOX alone (Table VIII) . To check the specificity of P-gp immunostaining in BEL-7404/ DOX cells, we also assessed the expression of GST and topo II proteins in the tumor tissues. As seen in Table VIII , EGCG significantly increased topo II protein expression and did not alter GST protein expression compared with the expression levels in the DOX alone group, indicating that the cell staining for P-gp was specific in our experiments.
To confirm the inhibitory effect of EGCG on P-gp expression in xenograft tumors of living mice, we analyzed P-gp expression using a FITC-conjugated antibody and flow cytometry. As shown in Fig. 5 , in the BEL-7404/DOX cells treated with DOX alone, the fluorescence intensity was high, representing a higher level of P-gp expression. Catechin-treated cells showed significantly decreased fluorescence intensity, indicating reduced P-gp expression (Fig. 5) . Compared with ECG, EGCG had a greater inhibitory effect on P-gp expression (Fig. 5) .
Inhibitory effect of catechins on the expression of drug resistance genes in vitro and in xenograft tumors.
As P-gp is the direct product of the MDR1 gene, we wondered whether the inhibitory effect of catechins on the P-gp level in tumor tissues occurred through the suppression of MDR1 expression. To address this question, semi-quantitative RT-PCR was used to detect MDR1 mRNA expression in BEL-7404/DOX cells. As shown in Table IX , after treatment of BEL-7404/DOX cells with ECG or EGCG in vitro, MDR1 mRNA expression was significantly decreased compared with that in untreated cells or cells treated with DOX alone (P<0.05). Compared with the effect of VPL, a known P-gp inhibitor, both catechins reduced MDR1 mRNA expression to a greater extent, and EGCG produced the greatest inhibition (Table IX) . Similar data were observed in xenograft tumor tissues (Fig. 6) . PCR analysis indicated a concentration-dependent reduction in MDR1 mRNA in BEL-7404/DOX cells from the in vivo mouse model administered EGCG (Table X) . To confirm the specificity of EGCG-mediated inhibition of MDR1 expression, the mRNA expression of multidrug resistance-associated protein 1 (MRP1), lung resistance-related protein (LRP), and 
-------------------------------------------------Intracellular DOX concentration (μg/10 8 cells) a --------------------------DOX
ECG EGCG DOX + catechin DOX alone (μg/ml) (μg/ml) (μg/ml) ----------------------------------------------- 
2.55±0.17 -------------------------------------------------
a Intracellular DOX concentration in response to increasing concentrations of DOX alone or DOX + catechins was measured as described in Materials and methods. Data are presented as mean ± SD; n=3. b P<0.01 vs. DOX alone. DOX, doxorubicin; ECG, epicatechin gallate; EGCG, epigallocatechin gallate. 
-------------------------------------------------
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Data are presented as mean±SD; n=9. a P<0.01 vs. DOX alone. Intracellular retention of rhodamine 123 was measured as described in Materials and methods in response to DOX alone or DOX + catechin. DOX, doxorubicin; ECG, epicatechin gallate; EGCG, epigallocatechin gallate; HCC, hepatocellular carcinoma.
- --------------------------------------------------------------------------------------------------- Table VIII . Effect of EGCG on P-gp, GST, and topo II protein expression in BEL-7404/DOX xenograft tumors, as determined by immunohistochemical analysis. 
Data are percentage of total cells evaluated by immunohistochemistry as described in Materials and methods and are presented as mean ± SD; n=3. a P<0.01 vs. the control group; b P<0.01 vs. the DOX alone group or the control group. DOX, doxorubicin; EGCG, epigallocatechin gallate; DE Low, DOX + EGCG 40 mg/kg; DE Mid, DOX + EGCG 80 mg/kg; DE High, DOX + EGCG 160 mg/kg. GST, glutathione S-transferase; P-gp, P-glycoprotein; Topo II, topoisomerase II. Table IX . Inhibitory effect of catechins and verapamil on MDR1 mRNA expression in human BEL-7404/DOX hepatoma cells in vitro. 
DOX at 1.2 μg/ml, ECG at 60 μg/ml, EGCG at 14 μg/ml, and VPL at 0.28 μg/ml were used in the experiments. Relative MDR1 mRNA expression in response to DOX alone, DOX + catechins, or DOX + VPL treatment for 36 h was assessed by semi-quantitative RT-PCR analysis as described in Materials and methods. a Normalized to ß 2 -MG. Data are presented as mean ± SD; n=6. b P<0.05 vs. the DOX alone group or the control group. DOX, doxorubicin; ECG, epicatechin gallate; EGCG, epigallocatechin gallate; MDR1, multidrug resistance 1; VPL, verapamil.
-------------------------------------------------
hypoxia-inducible factor-1· (HIF-1·) was also determined. We chose these genes because MDR frequently results from the inappropriate expression of drug resistance genes such as these. Following coadministration of DOX and EGCG in the in vivo tumor model, HIF-1· mRNA expression was significantly reduced compared with that after DOX treatment alone (P<0.05 or <0.01), whereas the expression of MRP1 mRNA and LRP mRNA was not significantly changed (P>0.05) (Table X and Fig. 7 ). These data suggest that transcriptional downregulation of MDR1 gene expression by catechins may be responsible for the reduced expression of P-gp in BEL-7404/DOX hepatoma cells in vitro and in vivo.
Discussion
HCC is one of the most common cancers worldwide and has an extremely poor prognosis (1, 2, 11, 12) . DOX is the first-line drug for the treatment of HCC; however, both intrinsic and acquired MDR limit its use in HCC chemotherapy. Increasing the DOX dosage is not a practical approach because of the associated toxicity and side effects. Identifying effective MDR modulators (also called MDR inhibitors, chemosensitizers, or reversal agents) to combine with DOX therapy has been a promising strategy against clinical MDR in HCC. A number of natural and synthetic compounds have been tested for their ability to reverse MDR. Unfortunately, most have failed in clinical trials, mainly due to their insufficient MDR reversal potency at a tolerated dosage, solubility limitations, or unacceptable side effects (13, 14) . Therefore, the search for novel and more potent MDR modulators with fewer side effects and lower toxicity continues to be a high priority for successful chemotherapy of HCC patients with MDR. - In the present study, green tea catechins increased the chemosensitivity to DOX in MDR liver cancer cells, even at their non-toxic concentrations. Specifically, ECG and EGCG, the most active polyphenolic compounds isolated from green tea, potently enhanced the susceptibility to DOX cytotoxicity in the resistant HCC cell line and significantly inhibited BEL-7404/DOX tumor growth in nude mice. The efficacy of both catechins was greater than that of VPL, and EGCG was more effective than ECG in reversing DOX resistance in vitro. Although the underlying mechanism explaining the difference in efficacy between ECG and EGCG is not clear, it may be related to a difference in chemical structure between the two catechins, as EGCG has one more phenyl hydroxyl group than ECG (Fig. 1) . The hybrid effect between the aromatic ring and the hydroxyl group in the structure of EGCG makes this -OH group a better proton donor, and would make EGCG a more active compound and more potent antioxidant than ECG, thus accounting for its greater efficacy in conferring susceptibility to DOX in liver cancer.
The mechanism of drug resistance in liver cancer is far from fully understood. Biochemically, MDR modulators increase drug-induced antitumor activity through two mechanisms. The first mechanism comprises the inhibition of the intracellular metabolism of an antitumor agent, which leads to an increase in antitumor activity (15, 16) . The second mechanism comprises a change in the drug transport across the cell membrane, which leads to an increase in antitumor activity via elevation of the drug concentration in the tumor (17, 18) . The increases in DOX antitumor activity by catechins are involved in the second mechanism. We showed that EGC and EGCG increased the DOX concentrations in HCC cells in both in vitro and in vivo systems. Thus, it is suggested that ECG and EGCG may enhance DOX anticancer activity and increase intracellular DOX accumulation in HCC through the inhibition of DOX efflux.
A reduced intracellular concentration of chemotherapeutics is a major cause of MDR. It is a widely held hypothesis that intracellular levels of antitumor drugs are reduced below lethal thresholds by active extrusion through the operation of ATP-dependent pumps. P-gp, a 170-kDa glycoprotein, has been shown to mediate the efflux of various chemotherapeutic agents, including DOX (19, 20) . Several modulators such as VPL have been reported to overcome MDR by inhibiting the cellular efflux of anticancer drugs (20) . In the present study, the accumulations of DOX and rhodamine 123 were measured to assess catechin-induced inhibition of P-gp function. ECG and EGCG were very potent at reversing an accumulation deficit and at blocking the cellular efflux of two P-gp substrates, DOX and rhodamine 123. Thus, we propose that catechins augment DOX antitumor activity and reverse MDR by inhibiting the cellular efflux function of P-gp, thereby increasing the intracellular accumulation of the anticancer agent.
P-gp is encoded by the MDR1 gene, and our RT-PCR results showed that the level of MDR1 mRNA expression was higher in BEL-7404/DOX cells than in BEL-7404 cells. We believe that the overexpression of the MDR1 gene contributes to MDR in BEL-7404/DOX cells. Thus, if catechin-enhanced DOX intracellular concentration were due to reduced P-gp capacity, then catechin administration may downregulate MDR1 mRNA expression and the P-gp protein level. Indeed, our RT-PCR data demonstrated that MDR1 mRNA expression was significantly inhibited by EGCG, and our quantitative analysis of P-gp by fluorescence-activated cell sorting and immunohistochemistry indicated that ECG and EGCG treatments markedly decreased the level of P-gp in DOX-resistant HCC cells. These data suggest that catechins enhance chemosensitivity to DOX and increase cytotoxicity of DOX by downregulating MDR1 gene expression and suppressing P-gp pump function in our model system.
In addition to P-gp, many other mechanisms have been implicated in MDR, and several of these with known clinical significance are under intensive investigation. First, decreased influx and increased efflux of drugs or enhanced activity of enzymes in the glutathione detoxification system can result in reduced drug accumulation. Genes such as MDR1, MRP1, LRP, and GST are involved in this process (21, 22) . Second, increased DNA repair capacity and enhanced tolerance to DNA damage or cytotoxins can lead to cancer cell survival. Changes in the level or activity of hMLH1/hMSH2, ERCC, HIF-1·, or topoisomerases I/II may be involved in these mechanisms (23) . Third, abnormalities in signaling proteins such as p53, p21 WAF1 , p27 Kip1 , XIAP, PI3K, caspase-9/3, Akt, JNK1, ERK1/2, and PKC (24) (25) (26) can interfere with intracellular signal transduction pathways at any point, from the primary damage to DNA or microtubules to the eventual death of the cell. Finally, dysfunction of apoptotic genes such as those for Bcl, Bax/Bak/Bad, or Fas/Fas-L can decrease apoptosis (27) .
In the present study, we investigated some major upstream proteins such as MDR1, LRP, MRP1, HIF-1·, topo II, and GST-· in a search for commonly occurring mechanisms in chemoresistant HCC cells. MRP1 is a member of the ABC superfamily of membrane transport proteins, and overexpression of MRP1 has been postulated to reduce intracellular accumulation and alter intracellular distribution of antitumor agents. LRP is a transport protein that localizes in the nuclear membrane and nuclear pore complex. Its overexpression may induce MDR by changing the endonuclear distribution of drugs. On the other hand, GSTs are a family of enzymes contributing to phase I and/or phase II biotransformation of drugs. They may also bind toxins and function as transport proteins. Our RT-PCR and immunohistochemical results indicated no obvious alterations in MRP1, LRP, or GST-· expression in BEL-7404/DOX cells concurrently treated with DOX and EGCG, compared with cells treated with DOX only. Thus, these three proteins may not be important in increasing the intracellular DOX concentration in response to EGCG.
HIF-1· is a transcription factor induced by low oxygen conditions and is found at high levels in malignant solid tumors, but not in normal tissues or slow-growing tumors. In fast-growing tumors, HIF-1· plays crucial roles in the activation of numerous cellular processes, including cell immortalization, cell growth and survival, invasion/metastasis, angiogenesis, resistance to chemotherapy, and overexpression of drug efflux membrane pumps (28, 29) . A recent report has shown that artemisinin induces DOX resistance by decreasing DOX accumulation and cytotoxicity in human colon cancer cells through the activation of HIF-1· and P-gp overexpression (30) . Lau and coworkers have shown in an orthotropic HCC model that combining blockade of HIF-1· activity and ischemic hypoxia significantly enhanced the efficacy of chemotherapy, leading to the suppression of tumor growth and prolongation of animal survival; this suggests that blockade of HIF-1· autocrine signaling may enhance the chemosensitivity of liver cancer cells under hypoxic conditions (31) . Harris and colleagues reported that high expression levels of HIF-1· were associated with a low rate of complete response to photodynamic therapy in early esophageal cancer (32) . Intriguingly, we found that HIF-1· mRNA expression was downregulated in chemoresistant HCC xenografts following the coadministration of EGCG and DOX, indicating an inverse correlation between the HIF-1· level and the anticancer activity of EGCG and DOX in combination. This therapeutic combination was also associated with the downregulation of MDR1 expression and reduction of the P-gp level. Although these findings suggest that HIF-1· is involved in the catechin-induced increase in DOX chemosensitivity in our model, its role in this process and whether it participates in MDR1-and P-gp-mediated MDR are not yet clear. Therefore, the role and mechanism of HIF-1· in catechin-mediated enhancement of DOX anticancer activity in liver cancer remain to be determined.
Type II topoisomerases (topo II; EC 5.99.1.3) are enzymes that unwind and wind DNA, in order for DNA to control protein synthesis and to reproduce. They cut the DNA and, at the end of the process, connect it again. DOX, an anthracycline antibiotic, interacts with DNA by intercalating between the base pairs of the DNA double helix, thus inhibiting the progression of topo II as it unwinds DNA for transcription and interfering with macromolecular biosynthesis (33, 34) . Another mechanism of action of DOX appears to be the poisoning of topo II, which results in double-strand DNA breaks; a failure to repair these breaks leads to apoptosis (35) . In the present study, topo II protein levels were upregulated in cells treated with EGCG alone or in combination with DOX. Although recent evidence shows that topo II overexpression is correlated to chemoresistance in HCC (36) , the roles of topo II in DOX drug resistance are highly controversial (36, 37) . Given that the accumulation of rho123 was not affected in the presence of elevated topo II protein levels, this enzyme may not play a significant role in mediating the action of catechins on DOX accumulation in the cell. An alternative hypothesis is that catechins may act by inducing the accumulation of topo II as a DOX target (36) . The data shown in Table VIII support this hypothesis. Another possibility is that an enhanced level of topo II owing to catechin treatment may facilitate DNA replication and transcription and thereby promote HCC cell proliferation and division; consequently these cells would be more susceptible to DOX therapy, as most anticancer drugs kill rapidly proliferating cells. However, whether catechin-induced accumulation of topo II occurs by increased topo II expression or by enhanced topo II stabilization, and how topo II participates in the reversal of drug resistance by catechins remain unknown.
In conclusion, we identified and characterized the green tea catechins ECG and EGCG as MDR modulators in in vitro and in vivo models for DOX-resistant HCC. We demonstrated that these catechins enhanced chemosensitivity to DOX and increase DOX cytotoxicity in BEL-7404/DOX cells by inhibiting P-gp pump function, thereby elevating the intracellular DOX concentration. ECG and EGCG also modulated the expression of MDR1 and other drug resistance-related genes to contribute to the reversal of MDR in our model systems. Considering the current lack of effective medical treatment options for liver cancer, we advocate the use of green tea catechins as an attractive new modulator of DOX chemotherapy in HCC. The use of an additional drug to modulate DOX anticancer activity would increase a patient's burden of medications and risk for adverse side effects. In contrast, drinking green tea as a modulator in combination with DOX treatment may enhance antitumor activity with no toxic side effects. This promising new therapeutic combination may improve the quality of life in patients receiving cancer chemotherapy and warrants further clinical exploration.
